Introduction
Ground Penetrating Radar and Borehole Radar are commonly used for various applications in civil engineering, archeology, aquifer and soil studies... These prospection methods can also be used to study geological formations for underground waste disposal, for which a set of specifications has been defined by ANDRA. In electrically resistive host rock, for example granite, they allow the localization of discontinuities such as fractures or altered zones.
Radar data collected in reflection or transmission mode can be interpreted. The rock volume which is expected to be investigated by radar through non-destructive testing is 100 m large around a single hole or 150 to 200 m large, between two boreholes.
Our study concerns tomography: tomographic miaging is achieved by transmitting signals along as many different patbs as possible through the area to be explored. The area, cut into ceils, is limited by two coplanar boreholes. The transmitting antenna is placed in one borehole, the receiving antenna in the second borehole. From each ray (or recorded propagated signal), one parameter is extracted. Tomography consists in solving an inverse problem to obtain the value of the parameter in each cel!. At present, the parameters commonly exiracted from radar signals are pick-to-pick amplitudes and first arrival tiines. The resulting maps are attenuation Lomography and velocity tomography. These analyses do not take into account dispersion of radar signals. Moreover, uncertainties inherent in instrumental drifts (power supply, time basis ...) may lead to inexact interpretation.
Principle of dispersion tomography and first tests
In the Fourier domain, the general form of a radar wave propagating in one D is:
with (2), in which E(r a) is the electric field spectrum at any x coordinate, E0 (co) the electric field spectrum at x=O co the angular frequency, k the wave number, p the magnetic permeability (p p0 , the free space permeability), and 6e the effective dielectric permittivity, c is a complex quantity, frequency dependent, inciuding conduction losses in its imaginary component. This frequency dependence leads to radar dispersion. We have shown that c(w) can be described by a power law, established from Jonscher resuits (1977) and validated on laboratory measurements. The power law is:
in which & is the high frequency hmit value of the dielectric permittivity, , the real part of the electric susceptibility at the reference frequency cor, and 0< ii <1.
Thus, three real and constant paranieters can describe the effective dielectric permittivity variations in the radar frequency range: , z,. and n. This tnplet can be changed
by (e,, %r, Qr) with Qr the quality factor at the référence frequency co,..
Dispersion tomographies consist in extracting the Jonscher parameters from radar signals. These parameters being characteristic of the investigated medium geology, we should be able to provide maps of 6e variations for the prospected area. Then, these variations will have to be linked to geological discontinuities (see below).
To extract the Jonscher parameters (or to achieve a wavelet inversion), we follow the forward modeling principle: we have to compare an observed wavelet witli synthetic wavelets generated by different Jonscher triplets. This is illustrated in Figure 1 in which a visual fitting allowed us to know the Jonscher parameters relative to three geological formations. In order to generalize this kind of comparison to many traces as it should be achieved in tomography operation, two problems have to be solved.
1-We have to minimize the misfit between observed and modeled wavelets by calculating error functions. Our first resuits were obtained with the Normalized Crosscorrelation Energy Function proposed by Sen and Stoffa (1995) and applied on centered, normalized wavelets. In this way, uncertainties due to radar equipment limits mentionned in the introduction should be avoided.
2-We have to choose a proper protocole to define the Jonscher parameter space and to explore it as quickly as possible. At present, the Grid Search technique was adopted.
Up to now, this inversion scheme has been tested on noisy synthetic data. To be efficient on field data, we have to proceed with wavelet separation techniques to correctly invidualize the wavelet to invert.
The -waveform analysis described here is applied for a homogeneous medium, characterized by a single Jonscher triplet. We have shown that this analysis is stil! valid for a heterogeneous medium, divided into homogeneous celis. Empinc linear relations for each parameter are established:
in which n is the ccli number, l the distance covered by the k ray in the î ceil, Lk the total distance covered by the k ray (L k = k)' Q (respectively ,) the quality factor at the reference frequency a r (respectively the high frequency permittivity va!ue and the real part of the electric susceptibility at a reference frequency COr) of the i ccli (1/Q, , , are the parameters we are looking for in the inversion), Q (respectively , ff) the quality factor (respectively the high frequency permittivity value, and the real part of the electric susceptibility) found through the inversion of the k ray. Figure 2b gives an example of a Q tomography perfoimed by using the Conjugaté Gradient inversion method. Our field model is shown in Figure 2a . Next step will consist in validating this new approach of radar tomography on field data. We will use data recorded in boreholes drilled in granite in an underground laboratory, the Grimsel Test Site in the Central Swiss Alps. Finally, since the aim of such studies is the interpretation of the ,,, and Q maps into petrophysical information, effective dielectric permittivity laboratory measurements are carried Out on rock samples collected on borehole cores, for which minerafogical analyses are available. 
